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a b s t r a c t
The?sewage?sludge?from?wastewater?treatment?plant?is?a?potential?source?of?infectious?organism.?The?number?and?
type?of?pathogens?in?sludge?depends?on?various?factors?namely,?the?wastewater?source,?the?type?of?treatment?plant,?
and?other?environmental?factors?such?as?the?biological?medium?offered?by?the?sewage?sludge.?The?principal?sludge-
borne?diseases? are?presented? followed? by?discussion? on? biological? aspect? of? growth? and? occurrence.?The? overall?
objective?of? this?work? is? to?estimate?kinetic?reduction?of?pathogen?population? in?sludge?during?different? thermal-
drying?process?including:?the?agitated?conductive?drying,?drum?drying,?solar?drying,?and?fry-drying.?The?temperature?
curves?were? reported? from? literature?except? frying?data?which?were?determined? in?experiment.? In?order? to?apply?
the? temperature? influence?on?pathogens?population,?kinetic?parameters? for? the? thermal? inactivation? (D,?z-values)?
were?chosen?from?literature.?Values?of?concentrations?of?each?pathogen?were?also?extracted?from?scientific?review?of?
pathogens?in?bio-solids.?This?study?conducted?to?resolve?the?survival?kinetic?of?Hepatitis?A?viruses.?The?result?showed?
that?a?concentration?of?7?×?104?cfu/100?ml? initially?present? in?the?sewage?sludge? is?significantly?reduced?during?the?
heat?drying?processes?except?the?solar?plant.?The?sewage?sludge?is?completely?disinfected?when?heated?for?20?min,?
10?min,?and?10?s,?respectively,?during?the?agitated?conductive?process,?vacuum?fry-drying,?and?drum?drying?process.?
Keywords: Sewage sludge; Wastewater; Drying; Frying; Solar; Pathogens; Microbial disease; Microorganism; Thermal
inactivation
1. Introduction
Sewage sludge is the residue formed through wastewa-
ter treatment plant. The most significant health hazard
for sewage sludge relates to the wide range of pathogenic
microorganisms. Pathogens are present in sludge as result
of: human and animal wastes, food processing, biological
laboratory and during some treatment of wastewater. These
pathogens are divided into four categories (EPA, 1979): viruses,
bacteria, parasites, and fungi. Within each one, there are
various species with different occurrences. With lower lev-
els of sanitation and less public awareness, many diseases
and infections can occur (hepatitis, typhoid fever, etc.). The
risk of contamination can arise by simple touch or consump-
tion of products that have been contaminated from animals,
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insects, land or water (EPA, 1995). Therefore, hygienic princi-
ples must be followed in processing, storage or transport of
sewage sludge. In order to defeat the biological risk related
to sludge disposal, some processes are available with var-
ious degrees of pathogen reduction. For example: ionizing
radiation, composting, storage and other chemical disinfec-
tion. The irradiation process involves exposing sludge to a
source of radian energy (Ahlstrom, 1988). High energy elec-
tron and photon (!- and "-rays) are usually used because
of their penetration power (EPA, 1979). The easiest condi-
tioner treatment of sewage sludge is composting. The organic
matters are decomposed to stable humus under the aerobic
thermophilic conditions (more than 55 ◦C for 15 days or more)
enough for heat inactivation (Nazih and Lawrence, 2007). Nev-
ertheless, not all the material is heated and pathogens risk
Nomenclature
D decimal reduction time (s)
N microorganisms population
T temperature (◦C)
t time (s)
z temperature sensitive parameter (◦C)
re-growth (Björn, 2007). The destruction of pathogens can
also be achieved by chemicals stabilization, including lime,
chlorine and its compound, quaternary ammonium, ozone,
etc. The most common disinfectants are the oxidizing chemi-
cals among them chlorine is the most used (Tchobanoglous
et al., 2003); it is effective for bacteria and viruses inacti-
vation but not for parasite (Lawrence et al., 2007a). Highly
acid or alkaline water can also be used to destroy pathogenic
organism, because water with pH greater than 11 or less
than 3 is relatively toxic to most microorganisms (Clint et
al., 2007). High pH treatment is typically obtained with lime
at pH higher than 12 for 3h (Rolf et al., 1991). Long term
storage is another way to destroy pathogen. Hence, sludge
is stored in earthen lagoon. Typical detention times for dis-
infection are 60 days at 20 ◦C and 120 days at 4 ◦C (Rolf et
al., 1991). Another means of inactivating pathogens is heat
application to sludge. Heat may be used at low tempera-
ture as in pasteurization using a direct steam injection or a
heat exchanger. A pasteurization system should be designed
to provide a uniform minimum temperature of 63 ◦C for at
least 30min (James, 2006; Nissen et al., 1996). All pathogens
can be also destroyed for a shorter time period of 10min
at 91 ◦C (EPA, 1979). Tyndallization is equivalent to repeated
pasteurization and separated by period of 12–24h at 30–40 ◦C
(Joseph, 2003). Heat conditioning–dewatering processes use
a higher temperature than pasteurization (140–240 ◦C) for a
period of 15–60min under a pressure of 17–27bars (Lawrence
et al., 2007b). Ultrasound can be combined with conventional
thermal treatment based on the possible synergy between
low frequency ultrasound and heat for pathogen inactivation
(Zenker et al., 2003), however its use in food industry is unfea-
sible and requires the addition of antimicrobial compounds
(Aurelio et al., 2004). Other heating processes including incin-
eration, vapor-gasification and pyrolysis, raise the sludge
temperature by more than 500 ◦C destroying the physical
structure of all sludge pathogens and effectively sterilizing
the sludge (Werther and Ogada, 1999). In this study the drying
treatmentwas adopted in order to produce a solid biofuel from
wet wastewater sludge. Therefore sludge disinfection as an
add-on drying process becomes necessary for storage or han-
dling before combustion.Drying energy is subdivided intoheat
conditioning andheat drying.Heat conditioning includes ther-
mal energy required to increase sludge temperature and to
inactivate pathogenic microorganisms. Heat acts on the level
of molecular agitation. It causes an increase on the growth
speed andmutation ofmicrobial compound.When the level of
modification becomes important and irreversible the growth
decreases and stops and microorganisms die (Joseph, 2003).
The destruction reactions rates of microorganisms are not
depend on the temperature (Paul and Dennis, 2001).
The overall objective of this work is to estimate kinetic
reduction of pathogen population in sludge during different
thermal-drying process including: agitated conductive drying,
drum drying, solar drying, and fry-drying. The best conditions
(temperature, time) of drying which insure a good microbial
destruction were chosen.
2. Pathogenic organisms
2.1. Sludge-borne disease
The pathogenic organisms found in sewage sludge can
be classified into four broad categories: viruses, bacteria,
parasites and fungi (EPA, 1979). Viruses are classified as
most pathogenic microorganism; the most important human
enteric viruses are the enteroviruses (polio, echo, coxsackie),
Norwalk, rotaviruses, reoviruses, adenoviruses and hepati-
tis A and E (Tchobanoglous et al., 2003; Vantarakis and
Papapetropoulou, 1998). Diseases caused by enteric viruses
range from trivial to severe or even fatal, and the most
common form of transmission include the fecal-oral and
respiratory routes of infection (Ian et al., 2006). Norwalk
and rotaviruses are causative agent of diarrhea diseases and
shown to be major waterborne pathogens (Bosch et al., 2006).
The reoviruses and adenoviruses may cause respiratory ill-
ness, gastroenteritis and eye infection (Tchobanoglous et al.,
2003). Enteroviruses are the most responsible for a wide vari-
ety of illnesses in humans, including meningitis, myocarditis,
febrile illness, paralysis, respiratory infections, certain type of
diabetes, and eye and skin infections (Ian et al., 2006). Hepati-
tis A and E have almost the similar syndrome (anorexia, faint,
etc.), but the hazard fatality is higher with hepatitis E than A
and rises to 15–25% in pregnant women (Anna and Richard,
2006).
The second group of pathogenic contains the family of the
harmful bacteria. A wide variety and concentration range of
bacteria are found in domestic wastewater. One of the most
common bacterial pathogens is the genus salmonella. Among
this specie, salmonella typhi is the most severe and serious
(Tchobanoglous et al., 2003). The pathogen produce a toxin
that cause fever (such us typhoid fever), nausea, and diar-
rhea, and may be fatal if not properly treated (Ian et al., 2006).
Shigella, a less common genus of bacteria, is often found in
wastewater polluted with human sewage, raw vegetable, milk
and dairy products and poultry (Tchobanoglous et al., 2003;
Ian et al., 2006). Only four species are recognized (dysenteriae,
flexneri, boydii, and sonnei) and responsible to various intesti-
nal diseases known as shigellosis (James et al., 2008a). Other
bacteria found in sewage sludge include: vibrio, Mycobac-
terium, clostridium, leptospira, yersinia, Escherichia coli species
and campylobacter (Tchobanoglous et al., 2003). Vibrio con-
sists of at least 28 species, in which vibrio cholera known as
the cause of human cholera (James et al., 2008b). The more
interest species in the genus yersinia is yersinia enterocolit-
ica, its symptoms are fever, diarrhea, severe abdominal pain,
vomiting andheadache, and its incidence is highest in the very
young and the old (James et al., 2008b). Campylobacter jejuni is
one of primary important species in genus campylobacter and
is identified as the cause of diarrhea inhuman (Tchobanoglous
et al., 2003).
The third group of pathogenic contains the family of
parasites, including: protozoa, nematodes, and helminthes
(EPA, 1979). The most concerned protozoan species are cryp-
tosporidium parvum, cyclospora and giardia lamblia because
of their significant impact on individuals with compromised
immune system (Tchobanoglous et al., 2003; Ian et al., 2006).
The more common nematodes are Trichinella and Anisakis
(Ynes, 2006), theymay invade tissues (eye, encysts) other than
the intestine causing inflammation and fibrosis (EPA, 1979;
Bosch et al., 1986). Helminthic parasites include flatworms
such as tapeworms (EPA, 1979). They are detectable as eggs in
bio-solids, and they are capable to produce larvae that infect
people (Ian et al., 2006). In the less serious form, the tapeworm
develops in the intestine, maturing and releasing eggs. In the
more serious form, it localizes in the ear, eye, heart, or central
nervous system (EPA, 1979).
The last groups of pathogenic are fungal species. They
are secondary pathogens in wastewater sludge particularly
in compost. The most prevalent fungi are Actinomyces,
Aspergillus, and Candia albicans (EPA, 1979). Several species
are also animal and human mycotoxigenic agents (Ali-
Shtayeh et al., 1998). They may be a potential hazard for the
people handling the sludge and possibly also during food and
feed production from soil amended with residue or organic
fertilizers (Anna and Johan, 2006).
2.2. Growth and biological property
Viruses, bacteria, parasites and fungi showvarying resistances
to environmental factors such as heat,moisture, chemical and
physical agents. The parameter of pH influences the chemical
and biochemical reaction and therefore the microorganisms.
Most bacteria are stable at pH≤ 8.5 and ≥1.5 (Bourgeois et
al., 1996), but some are more sensitive such as Salmonella
which is destroyed if the pH is below 4.0 (James et al., 2008a).
Several viruses are acid-resistant such as Hepatitis A which
is stable at pH≥ 1.0 and ≤3.75 (Sagar, 2007). Most fungi are
acid-tolerant, but they are also able to growth under neu-
tral or even alkaline pH such as Aspergillus (Bourgeois et al.,
1996; Sabine and Eleanora, 2000). Heat resistant of microor-
ganism changes also according to the water activity in the
sludge. The presence of a solute substance decreases water
activity and thus increases heat resistance of microorgan-
ism (Bourgeois et al., 1996). The upper growths of pathogens
require high water activity, more than 0.91 and 0.87 for bacte-
ria and fungi, respectively (Bourgeois et al., 1996). In addition,
the pathogens are resistant to various chemical agents includ-
ing acid and alkaline solvents. Indeed, Hepatitis A is very
stable, showing resistant to several preservatives and sol-
vents including chloroform, Freon, Arklone, perchloroacetic
acid or chloramines (Sagar, 2007). Rotaviruses are also resis-
tant to ether, chloroform, and to non-ionic detergents such
as deoxycholate (Sagar, 2007). Generally, bacteria are enable
to tolerate high salt concentration such as Salmonella and
Shigella which shown to be inhibited by nitrite (James et al.,
2008a). Parasites (Ascaris, Giardia) are typically very resistant
to the level of chlorine (EPA, 1979; Irshad and Vitaliano, 2006).
On the other hand, the temperature of themedium influences
the growth and the thermal resistance of pathogens. Differ-
ent species and their subspecies show different sensitivities
to elevated temperatures and duration of exposure. Hepatitis
A retains integrity and infectivity after 60min incubation at
60 ◦C, and Nerovirus retains infectivity when heated to 60 ◦C
for 30min (Sagar, 2007). Therefore, Hepatitis A and Nerovirus
are not inactivated by pasteurization treatment. However,
Adenovirus is more sensible and is inactivated after heating
at 56 ◦C for more than 10min (Sagar, 2007). For bacteria, tem-
perature around 44–48 ◦C is reported to be the upper limit for
growth (James et al., 2008a,b). 50 ◦C is an effective tempera-
ture for reducing the population of Salmonella over a 30min
time scale (Ward and Brandon, 1977). Campylobacter heating
to 70 ◦C could not be detected after about 10min (James et
al., 2008b). Yersiniae represent a less resistant group which
destroyed in 1–3min at 60 ◦C (James et al., 2008b). Potential dis-
advantage with lower temperature, the presence of organics
and the high concentration of bacteria may promote survival
or even re-growth. For example, Vibrio can survive 80 ◦C for
15min (James et al., 2008b). Moderate temperatures around
55 ◦C for less than 10min are effective in eliminating viability
of someparasites inwater or liquid sludge (Ward andBrandon,
1977). Finally, the majority of fungi can be destroyed by heat-
ing at temperatures until 88 ◦C during 30–60min (Hersom and
Hulland, 1980); for example, Aspergillus fungi are inactivated
at 60 ◦C for 60min (EPA, 1979).
3. Pathogenic occurrence in sewage sludge
The examination of pathogens occurrence is reported for dif-
ferent type of sludge from various sources. Throughout the
literature survey, the data presented are obtained from differ-
ent wastewater plant and vary from raw wastewater to final
effluent. In addition the review of scientific literature reveals
different methods of analysis. Indeed, the enumeration is car-
ried out by (Tchobanoglous et al., 2003; James et al., 2008a): (1)
direct microscopic count, (2) colony forming units (cfu), with
culture in solid medium, and (3) the most probable number
(MPN) method as a statistical determination.
According to: (1) the relative difficulty of the process
preparing, (2) the costly method, and (3) time consuming
(Tchobanoglous et al., 2003; Joret et al., 1980), only a few data
on Rotavirus (Bosch et al., 1986) and Adenovirus (Williams and
Hurst, 1988) are available. A few data of presence/absence of
Enterovirus, Adenovirus and Hepatitis A viruses (Vantarakis
and Papapetropoulou, 1988) are also available. Most data
are reported on Enteroviruses and the total concentration of
enteric viruses in sludge. Typical total virus concentrations are
given in Table 1. The large difference between the high and
low value for the number of virus results from several factors,
including variation in virus occurrence in human population,
differing treatment plant removal efficiency and identification
techniques. Anaerobic digestion, dewatering and composting
have been shown to reduce the concentration of detectable
viruses.
Commonly found concentrations of bacteria are shown
in Table 1. A significant reduction of average concentration
of enteric bacteria is observed during wastewater treatment
plant. In general, anaerobic digestion of sludge is the most
effective for most bacteria. Nevertheless, Mycobacterium is
shown very resistive during anaerobic digestion. Literature of
this subject has been reviewed in reference Wéry et al. (2008)
on the survival of different enteric bacteria during biological
treatment. The study showed that Campylobacter jejuni sur-
vived better than other enteric bacteria. In this context also,
an experimental identification (absence/presence) of bacterial
pathogens during sewage treatment plant is reported in ref-
erence Leena et al. (2004). Salmonella is the most common in
both raw and treated sludge, Campylobacter is found in 20%
in raw sludge and 4% in treated sludge, and Listeria number
found decreases from 12 to 2%.
There is a wide variation in the apparent level of parasite
infestation in different wastewater treatment stages. Lim-
ited data for Protozoa, Helminths, and Nematodes reported in
Table 2, indicate thatNematodes eggs andAscaris are detected
in small numbers. Cryptosporidium and Giardia Lamblia are
Table 1 – Virus and bacteria occurrence in raw sludge and various step of wastewater treatment plant.
Pathogen Name of species Treatment stage Concentration References
Virus Enteric viruses Raw sludge 2.5× 103–7× 104 cfu/100ml EPA (1979)
103–104 MPN/100ml Tchobanoglous et al. (2003)
Digested sludge 100–103 cfu/100ml EPA (1979)
Secondary wastewater 0.3–115MPN/l Joret et al. (1980)
Enteroviruses Raw sludge 4.8× 102–2.1× 103 cfu/10 g dry matter Guzmán et al. (2007)
850–43× 103 cfu/l Bosch et al. (1986)
1320 cfu/l Williams and Hurst (1988)
Digested sludge 1.1× 101–1× 102 cfu/10 g dry matter Guzmán et al. (2007)
Dewatered sludge 1.8× 101–4.1× 101 cfu/10 g dry matter
Composted sludge <8.3 cfu/10 g dry matter
Rotavirus Primary sludge 30–26× 104 cfu/l Bosch et al. (1986)
Adenovirus Primary sludge 5,800–32,500 cfu/l Williams and Hurst (1988)
Bacteria Enteric bacteria Raw sewage 5.6× 106 ml−1 Bridge (1970)
Final product 0.5× 106 ml−1
Salmonella Raw sludge 8× 103 cfu/100ml EPA (1979)
102–104 MPN/100ml Tchobanoglous et al. (2003)
103 gene/ml Wéry et al. (2008)
Digested sludge <3–62 cfu/100ml EPA (1979)
Dewatered sludge 5× 104 gene/ml Wéry et al. (2008)
Centrifugation <10gene/ml
Escherichia coli Raw sludge 357,275–1,032,625 cfu/g Leena et al. (2004)
107–108 gene/ml Wéry et al. (2008)
Digested sludge 2–8435 cfu/g Leena et al. (2004)
Dewatered sludge 4–6 logMPN/g dry matter Gantzer et al. (2001)
107–5× 108 gene/ml Wéry et al. (2008)
Centrifugation 6,233–403,571 cfu/g Leena et al. (2004)
104 gene/ml Wéry et al. (2008)
Limed sludge <1–2.9 logMPN/g dry matter Gantzer et al. (2001)
Shigella Raw wastewater 1–103 MPN/100ml Tchobanoglous et al. (2003)
Clostridium Raw wastewater 6× 106 cfu/100ml EPA (1979)
103–105 MPN/100ml Tchobanoglous et al. (2003)
172,857–174,524 cfu/g Leena et al. (2004)
102–104 gene/ml Wéry et al. (2008)
Digested sludge 2× 107 cfu/100ml EPA (1979)
60,667–106,571 cfu/g Leena et al. (2004)
Centrifugation 37,667–438,650 cfu/g
10 gene/ml Wéry et al. (2008)
Dewatered sludge 103–106 gene/ml
Mycobacterium Raw sludge 107 cfu/100ml EPA (1979)
Digested sludge 106 cfu/100ml
Campylobacter jejuni Wastewater 10–103 gene/ml Wéry et al. (2008)
Dewatered sludge 106 gene/ml
Centrifugation 5–10 gene/ml
detected in high number in raw sludge; they are consider-
ably greater on pig farms (Roberto and Eloy, 2008). Treatments
by activation sludge process, composting or lime, reduced
the number of parasites, but are reported to incompletely
remove all pathogens. For example, the total concentration of
Nematodes eggs in the sludge is not greatly after treatment,
but it stills lower than sanitized concentration (<3 eggs/10 g
dry matter (Gantzer et al., 2001)). The reduction with the
heat drying procedure (Roberto and Eloy, 2008) is greater than
other technologies such as anaerobic/aerobic digestion, lime
stabilization or composting. Heat drying greatly reduces the
number of parasites bymore than 4 log (Roberto and Eloy, 2008)
units for Cryptosporidiumoocysts, confirming the effect of the
temperature on the destruction of parasites.
Data for fungi are sparse; limited data for fungi occurrence
in the sludge reported in Table 2 include Aspergillus fumi-
gatus, Yeast-like, Filamentous and average number of total
fungi. There is a wide frequency of the fungi in the sludge.
Fungi occurrence is considerably dependent to the habitat in
which fungi cells are continually bathed in a nutrientmedium
offered by the sewage sludge. Levels vary at each wastewa-
ter treatment stage, temperature, moisture content, and also
weather. It is noted (Bridge andWesley, 1968) that certain sub-
species or growth types of the fungi are more prominent in
the winter, other in the warmer month.
4. Kinetics of thermal disinfecting
4.1. Basic kinetic equations
In order to determine the required time for a given drying
process, it is necessary to have information on heat penetra-
tion and its effect on the inactivation of microorganisms. The
heat penetration is measured by placing a thermocouple at
the centre of sewage sludge to record the temperature during
drying. In fact, all other points in dried product are assumed to
Table 2 – Parasites and fungi occurrence in raw sludge and various step of wastewater treatment plant.
Species Subspecies Treatment stage Occurrence References
Parasites
Protozoa Cryptosporidium Raw wastewater 10–103 MPN/100ml Tchobanoglous et al. (2003)
1.1× 103 oocysts/10 g dry matter Guzmán et al. (2007)
Digested sludge 3.6× 102 oocysts/10 g dry matter
Sewage sludge 12–17oocysts/g Thaddeus et al. (2008)
Swine slurry 1.67× 104–2.33× 105 oocysts/l Roberto and Eloy (2008)
Dried sludge 3.5× 103–1.03× 104 oocysts/kg
Giardia Lamblia Raw wastewater 103–104 MPN/100ml Tchobanoglous et al. (2003)
Sewage sludge 22–32 cysts/g Thaddeus et al. (2008)
Swine slurry 3.33× 103 cysts/l Roberto and Eloy (2008)
Activated sludge Not detected
Dried sludge Not detected
Helminth Eggs Raw wastewater 10–103 MPN/100ml Tchobanoglous et al. (2003)
1.2 eggs/10 g dry matter Guzmán et al. (2007)
Digested sludge 1.7 eggs/10 g dry matter
Swine slurry 100–2600 eggs/l Roberto and Eloy (2008)
Dried sludge Not detected
Ascaris Raw wastewater 10−2–1MPN/100ml Tchobanoglous et al. (2003)
Nematode Eggs Raw sludge 2–53 eggs/10 g dry matter Gantzer et al. (2001)
Anaerobic digestion 16.7± 10.3 eggs/10 g dry matter
Aerobic digestion 5± 3.7 eggs/10 g dry matter
Compost 6.2± 6.7 eggs/10 g dry matter
Limed sludge 2.7± 1.5–28.7± 16.6 eggs/10 g dry matter
Fungi
Filamentous Raw sludge 1.2× 103–9× 103 colonies/ml Bridge (1970)
0.2× 106–10.3× 106 colonies/ml Bridge and Wesley (1968)
Settle sewage 0.3× 106–3.2× 106 colonies/ml
Waste sludge 0.23× 103–23× 103 colonies/ml Bridge (1970)
152.4× 106–750.4× 106 colonies/ml Bridge and Wesley (1968)
Yeast-like Raw sludge 104–106 colonies/ml Bridge (1970)
0.07× 105–0.2× 105 colonies/ml Bridge and Wesley (1968)
Settle sewage 0.03× 105–1.2× 105 colonies/ml
Waste sludge 102 × 105–0.3× 105 colonies/ml Bridge (1970)
1.5× 105–100.9× 105 colonies/ml Bridge and Wesley (1968)
Aspergillus Raw sludge 102–103 cfu/gdry weight Millner et al. (1977)
Total fungi Raw sewage 3.9× 103 ml−1 Bridge (1970)
2.3× 104–5.4× 104 cfu/g dry weight Millner et al. (1977)
0.4× 106–10.4× 106 colonies/ml Bridge and Wesley (1968)
Settle sewage 4.4× 103 ml−1 Bridge (1970)
1.4× 106–3.3× 106 colonies/ml Bridge and Wesley (1968)
Waste sludge 4.1× 103 ml−1 Bridge (1970)
114.3× 106–752.3× 106 colonies/ml Bridge and Wesley (1968)
receive more heat and are therefore adequately processed. In
addition, it is necessary to know how heat resistant microor-
ganisms are in order to define time and temperature for the
process.
A general model for description of microbial reduction is
given by (Paul and Dennis, 2001):
N = N0 × 10−t/DT (1)
Thismodel is used to predict survivor population (N) when the
initial populations (N0) are exposed to elevated temperature
during heating time (t).
Every microorganism has its own characteristic heat resis-
tance (DT), defined as the time required to reduce the
population by 90% at a constant temperature (T) (James, 2006).
On the other hand, the process does not take place at con-
stant temperature but involves distinct periods. During drying,
the temperature at any location in the sewage sludge.
Traditional thermal processing has used the sensitive
temperature parameter (z) to describe the influence of tem-
perature on decimal reduction time for microbial population
(James, 2006; Paul and Dennis, 2001; Durance andWong, 1992).
The thermal resistance constant (z) is defined as the tempera-
ture increase required to cause a one log cycle reduction in the
decimal reduction time (Abdul and Mohammed, 2006). Based
on the definition, the relationship between (D) values at two
different temperatures and the (z) value can be expressed by
the following equation:
D1 = D2 × 10(T2−T1)/z (2)
4.2. Heat resistance of microorganisms
The practical and theoretical aspects of alternatives to the
(D− z) values concept have beendiscussed in referenceDonald
and Ricardo (2007), including the different methods of deter-
mining heat resistance. Some comparative (D− z) values for
bacteria, fungi and viruses are reported in Table 3.
Pathogens inactivation increase with increasing temper-
ature and treatment duration. It was reported in reference
Table 3 – Values of decimal reduction time (D) at test temperature (T) and temperature sensitive parameter (z) for
pathogens inactivation.
Pathogens T (◦C) DT (s) z (◦C) References
Bacteria
Salmonella 55–70 1444.26–5.82 0.2964–0.9049 Murphy et al. (2002a)
Listeria 55–70 3370.14–7.56 0.318–0.9699
Escherichia coli 55–70 1281.6–1.86 5.08 Murphy et al. (2006)
Mycobacterium 62–68 228.8–21.8 7.11 Nackmoon and Michael (1998)
Campylobacter 55.4–61.2 89–10.3 6.1 Moore and Madden (2001)
Virus
Hepatitis A 80 73.2–733.2 11.26–21.41 Deboosere et al. (2004)
90 13.2–180
Fungi
Botrytis cinerea 40–48 1800–36 4.65 Marquenie et al. (2002)
Monilinia fructigena 39–45 1302–150 4.17 Marquenie et al. (2002)
Monascus rubber ascospores 70 2238–4379 0.99 Efstathios et al. (2002)
80 52–126
Marco et al. (2002) different thermal inactivation of Poliovirus
in water and yoghurt. For example the heating at 55–62 ◦C
for 32min results in complete inactivation of Poliovirus. At
71 ◦C inactivation is limited at 30 s and only 15 s at 95 ◦C. A
comparison of inactivation kinetic of different viruses by heat
treatment at 60 ◦C shows a higher heat resistance of Hepatitis
A than other Enteroviruses (Nissen et al., 1996). In fact, Hep-
atitis A appears to be much more pertinent model to study
the thermal inactivation of viruses. The (z) values of Hepati-
tis A are considerably elevated (11.26–21.41 ◦C) and (D) values
at incubated temperature of 80–90 ◦C vary between 1.22 and
12.22min (Deboosere et al., 2004).
In reference Marquenie et al. (2002), complete fungi spores
inactivation is already achieved upon treatment at 48 ◦C dur-
ing 3min and during 15min at 43 ◦C. Other studies (Civello et
al., 1997) show that most fungi spores on fruit and vegetable
are inactivated when exposed to a temperature of 60 ◦C for
5–10min. The (z) value for most heat-resistant spores is about
10 ◦C (Paul and Dennis, 2001), whereas lower values vary from
4.17 to 7.9 ◦C (Marquenie et al., 2002; Efstathios et al., 2002).
The decimal reduction time for the different temperatures
ranging between 40 and 48 ◦C varies from 0.607 to 29.959min
(Marquenie et al., 2002) and from 1.66 to 37.31min at a tem-
perature between 70 and 80 ◦C (Efstathios et al., 2002).
To summarize the results obtained on heat inactivation
of bacteria in sludge in reference Ward and Brandon (1977),
it appears that moderate heat treatment (55–60 ◦C) during
around 30min is sufficient to eliminate pathogenic bacte-
ria in both liquid system and in composted sludge. Thermal
inactivation (D) and (z) values of Salmonella and Listeria in
poultry product were reported in reference Murphy et al.
(2002a,b). The (z) values of both bacteria are the same magni-
tude (0.3 < (z) < 0.9). Whereas, the (z) values of Campylobacter,
Escherichia coli and Mycobacterium are considerably higher
(6.1 ◦C (Moore and Madden, 2001), 5.08 ◦C (Murphy et al., 2006)
and 7.11 ◦C (Nackmoon and Michael, 1998), respectively).
While thermal resistance of pathogenic bacteria, fungi and
viruses are thoroughly studied, heat inactivation of parasites
is poorly investigated. In fact, considerations of pathogen inac-
tivation must include effects of heat on parasite in bio-solids.
Although heat inactivation of Ascaris Lumbricoides Ova in
water was studied in reference Ward and Brandon (1977),
showing that the moderate temperatures (51–60 ◦C) are effec-
tive in eliminating viability of these Ova in water and liquid
sludge during 5–60min processing.
5. Thermal drying processing
Sewage sludge drying systems were studied for pathogens
destruction by numerical simulation. Four thermal treatment
processes were compared: (1) a fry-drying process, (2) an agi-
tated conductive drying process, (3) an indirect drying in thin
film and (4) a solar drying system. Each drying system induces
various mechanisms occurring within the sewage sludge.
Commonly, heat drying is based on exposing sewage sludge
to heating agent by direct or indirect contact long enough to
attain at least 4% moisture content.
5.1. Fry-drying
Fry-drying is based on immersing the sewage sludge in a
heated non-miscible fluid (animal fat, waste oil, etc.). Frying
temperature can range from 110 ◦C to 180 ◦C under atmo-
spheric conditions (Peregrina et al., 2006; Romdhana et al.,
2008), and from 95 ◦C to 115 ◦C under vacuum (Mariscal and
Bouchon, 2008). Frying conditions were selected in order to
operate under low heating conditions but ensure sewage
sludge disinfection at high temperature. Therefore, the frying
temperature was followed in vacuum frying experiment (95 ◦C
of oil temperature and 0.6 bar of pressure). A cylindrical sludge
samples (8mm diameter) are immersed in jacketed cylindri-
cal reaction vessel (Fig. 1a). The sewage sludge-to-oil weigh is
chosen as low as possible (10ml per 400ml oil) in order to keep
constant the frying temperature. The product temperature
history ismonitored using a thin thermocouple (2/10mmwire
diameter and 5/10mm welding thickness). Moisture loss dur-
ing frying is modelled using the basic one dimensional mass
diffusion equation.Oil temperaturedependencyofmassdiffu-
sivitymodel proposed by Romdhana et al. (2008) is considered.
The trend of temperature results at the centre of product dur-
ing vacuum frying is shown in Fig. 2. The temperature rises
with progress in frying until it reaches the boiling point of
water, 80 ◦C. Then, the temperature remains stable since heat
supplied is being spent onmoisture evaporation. After around
20min of frying the product reaches less than 10% moisture
content and the temperature start increasing again.
5.2. Conductive drying by agitation
The second process consists of conductive drying with agita-
tion. The process is classified as indirect heating where the
Fig. 1 – Detail of the experimental setup, (a) fry-drying, (b) agitated conductive drying, (c) indirect drying in thin film, and (d)
solar drying.
heat transfer agent (resistance, fluid, etc.) and the product are
separated by a wall. During the process the wet sewage sludge
is kept in contact with a heated steel shell using a mechanical
system of agitation (paddle, blades, scrappers, etc.). Themois-
ture loss is determined from continuous weighing method as
schematized in Fig. 1b. The temperature of the product ismea-
sured by thermocouples placed on the axis of the agitator at
various positions. Typical data of an agitated laboratory scale
conductive dryer are reported in reference Ferrasse (2000).
Fig. 3 shows the temperature histories during the drying at
120 ◦C temperature set up. The product temperature increases
up to 100 ◦C at the beginning, then decreases to lower values
between 100 and 80 ◦C, inducing a slowing of the drying and
a decrease of the heat exchange. When the moisture content
decreases until 2 (dry basis), the temperature starts increasing
Fig. 2 – A survivor curve for a Hepatitis A virus population
during fry-drying process.
Fig. 3 – A survivor curve for a Hepatitis A virus population,
temperature hitory and moisture loss during an agitated
conductive drying process.
again. The quantities of 2.2 kg of sewage sludge are completely
dried after about 7h.
5.3. Drum drying
In drum drying, the feed of sewage sludge is applied in a thin
film (1mm) to the surface of a rotating hollow cylinder, heated
internally. The drying of aluminium hydroxide sludge on an
electrically heated laboratory drum dryer is described in ref-
erence Carrère-Gée (1999). The kinetics of drying cannot be
given directly while weighing. They are given indirectly by the
energy balance bymeasuring the heat flow lost by the rotating
drum and yielded to sewage sludge for the vaporization of the
moisture contained in this one. Four thermocouples are posi-
tioned in the rotating drum as shown in Fig. 1c. The product
Fig. 4 – A survivor curve for a Hepatitis A virus population,
temperature history and moisture loss during a drying of
aluminium hydroxide sludge film by direct contact with a
heated surface at 112 ◦C.
temperature is assumed to be those measured by the given
thermocouples, because of the highest thermal density in the
metal of the rotating drum. The drum surface temperature to
which the sludge layer is exposed during evaporative phase is
relatively high (112–137 ◦C). Therefore, drying times are con-
siderably short (10–60 s). Fig. 4 shows the kinetic of drying and
temperature of the crossing point between heating surface
and sludge film for an experiment at 112 ◦C.
5.4. Solar drying
In solar drying, the sludge is lard down in a solar green house
(Fig. 1d), thus the ambient temperature is raised above outside
temperature. Under these conditions the sludge are dried by
convection. Generally, this process requires air circulation to
transport the moist air as fast as possible out of the drying
zone, otherwise the vapour pressure difference between the
sludge and the air decreases and the drying stops (Luboschik,
1999). The solar system may be completely covered with a
transparent roof and wall, thus providing the greenhouse
effect during the daylight and therefore accelerating the dry-
ing rate (11 ◦C sludge temperature higher than open system)
(Nezih et al., 2006). The kinetics of drying and the tempera-
ture variation of a typical covered solar system are shown in
Fig. 5, also obtainable in reference Nezih et al. (2006). Drying
time is long; it takes about 55 days for the sludge to reach a
final moisture content of about 12%.
5.5. Microbial inactivation
Microbial inactivation is described in term of the first order
equation (1). The model is tested against experiment of deep
Fig. 5 – A survivor curve for pathogen population,
temperature history and moisture loss during a drying of
sewage sludge in covered solar system.
Fig. 6 – Comparison of pathogen survivor curve during
frying time.
fat frying and available data in the literature for agitated
convective system (Ferrasse, 2000), drying of thinfilm (Carrère-
Gée, 1999) and sun drying (Nezih et al., 2006). Hepatitis A virus
appears to be a much more relevant model to study the dry
inactivation process of sewage sludge pathogens. As shown in
Fig. 6 which compares pathogens inactivation during vacuum
frying, Hepatitis A virus is more resistant. At the beginning
of the frying process, Hepatitis A concentration remains con-
stant (Fig. 2). When the sludge temperatures reach 75 ◦C, the
concentration starts to decrease sharply. After about 10min
of frying the sludge is disinfected. In spite of the high temper-
ature in the agitated conductive process, the virus survives
for 20min (Fig. 3). In fact, this is explained by the low ther-
mal penetration in the sewage sludge when it is introduced
by large quantities. However, heat penetration is faster with
thin sludge exposed to a hot surface (112 ◦C). The concentra-
tion is sharply reduced in 10 s (Fig. 4).While drying time is very
long (55 days) in a solar plant, sludge temperature remains
very low (reachhardly 38 ◦C). The simulation results under this
condition show that all pathogens can survive for long period
(Fig. 5). Experimental result for Fecal Coliform bacteria shows
a very high concentration of this microorganism after 43 days
(Nezih et al., 2006). This process requires chemical treatment
to reduce pathogenic number in sewage sludge such as lime
addition.
6. Conclusion
The first part of this work identifies principal diseases related
to urban and industrial sewage sludge. Viruses are classified
as the most pathogenic microorganism. Diseases caused by
viruses range from trivial to severe or even fatal almost with
Hepatitis A virus. A wide variety and concentration range
are reported from literature. The examination of pathogenic
occurrence is reported from various source involving different
factors such as: wastewater treatment stage, some environ-
mental factors (pH, water activity, salt, temperature, etc.),
and method of analyse used in experiments. Composting and
digestion greatly reduces pathogens during wastewater treat-
ment plant. Severalmicroorganisms aremost resistant to heat
at their optimumpHwhich is generally about 7. Theheat resis-
tance increases with decreasing humidity, moisture or water
activity. Some chemical compound have a protective effect on
microorganisms, andother tend tomakepathogensmoreheat
sensitive such as chlorine or lime.
The principle of thermal inactivation was described. (D− z)
are important parameters to characterize heat resistance of
each microorganism. They are also used to quantify the ther-
mal and the time process required for a given microbial
population. Typical values reported from literature for major
pathogens show different tendencies of cells inactivation.
The final part of this study was focused on the compar-
ison of four thermal drying processes namely the vacuum
fry-drying, an agitated conductive drying, the direct contact
with a heated surface, and the solar drying plant. Both infor-
mation of temperature history and drying rate of each process
are necessary to analyse heat penetration and its effect on
microorganism inactivation. Based on the simulation results
of microbial inactivation model, process time for reduction
of Hepatitis A virus is higher than other microorganism. The
prediction of pathogen disinfection during different thermal-
drying process shows that the heat drying at high temperature
aremore efficient. The Hepatitis A virus is completely reduced
when heated for 20min, 10min and 10 s, respectively, during
theagitated conductiveprocess, vacuumfry-drying, anddirect
contact with a heated surface. Moreover, during solar drying,
pathogens still survive for long period.
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